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►  The  LSCF  nanorods  have  been  synthesized  using  an  electrospinning  method. 

►  Nanorod  structured  LSCF/GDC  cathode  was  fabricated  by  an  infiltration  process. 

►  The  obtained  LSCF/GDC  cathode  has  larger  LSCF/GDC  boundaries  and  higher  porosity. 

►  The  LSCF/GDC  cathode  has  the  lowest  polarization  resistance  of  0.1  Q  cm2  at  650°C. 
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One  dimensional  Lao8Sro.2Coo.2Feo.8O3  (LSCF)  nanorod/Ceo.8Gd0.20i.9  (GDC)  nanoparticle  composite 
cathode  has  been  fabricated  by  infiltrating  the  GDC  precursor  solution  into  LSFC  scaffolds  consisting  of 
LSCF  nanorods  prepared  with  an  electrospinning  technique.  For  comparison,  LSCF/GDC  nanoparticle 
cathodes  are  also  obtained  using  the  same  method.  Impedance  analysis  reveals  that  nanorod  structured 
LSCF/GDC  cathode  has  a  better  electrochemical  performance  than  that  of  the  pure  nanorod  LSCF  cathode, 
achieving  a  polarization  resistance  of  0.10  Q  cm2  at  650  °C  for  the  GDC  loading  of  160  p.L,  corresponding 
to  about  50  wt.%  GDC.  Especially,  the  polarization  resistance  of  nanorod  LSCF/GDC  cathode  with  160  pL 
loading  displays  5  times  smaller  than  that  of  LSCF/GDC  nanoparticle  cathode  with  an  optimal  GDC 
loading  of  80  pL  at  650  °C,  mainly  due  to  its  optimal  structure  with  larger  LSCF/GDC  boundaries  and 
higher  porosity.  These  results  imply  that  LSCF  nanorod/GDC  nanoparticle  composite  is  a  promising 
cathode  material  for  intermediate  temperature  solid  oxide  fuel  cell  (IT-SOFC). 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

SOFCs  have  attracted  more  and  more  attention  because  of  their 
high  energy  conversion  efficiency,  less  pollutant  emissions  and 
excellent  fuel  flexibility.  Recently,  significant  efforts  have  been 
devoted  to  the  development  of  SOFCs  operating  in  the  intermediate 
temperature  range  of  600  °C~800  °C.  Reducing  the  operating 
temperature  of  SOFCs  can  bring  many  benefits,  such  as  lower  cost, 
long  operational  life,  and  high  selectivity  of  SOFC  component 
materials.  Unfortunately,  the  SOFC  total  resistance  increases  quickly 
as  the  operating  temperature  decreases.  Electrolyte  contribution  to 
the  total  resistance  can  be  controlled  by  designing  anode  supported 
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SOFCs  [1,2]  or  using  a  high  oxygen  ion  conductor  [3,4]  under 
600  °C~800  °C  operating  conditions.  The  electrode  polarization 
loss  primarily  originates  from  cathode  polarization.  However, 
perovskite-type  Lai  _xSrxCoi  -yFey03_,;  cathode  has  shown  potential 
as  an  IT-SOFC  cathode  due  to  its  high  electrical  and  ionic  mixed 
conductivities  as  well  as  excellent  chemical  and  thermal  stabilities 
[5-10], 

For  the  pristine  LSCF  cathode,  the  O2  reduction  reaction  is 
mainly  confined  to  the  electrode/electrolyte  interface  due  to  the 
lower  ionic  conductivity  of  LSCF  (for  Lao.8Sro.2Coo.2Feo.8O3, 
<7,-  =  2.2  x  10-3  S  cm-1)  [11],  which  results  in  low  electro-catalytic 
activity  of  LSCF  cathode  for  O2  reduction  reactions.  The  electro- 
catalytic  activity  of  LSCF  cathode  can  be  further  enhanced  by  add¬ 
ing  oxygen  ion  conducting  phases  [12,13],  Recently,  the  infiltration 
method  has  been  utilized  to  fabricate  composite  cathodes  by 
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introducing  an  ion  conductor  phase  or  electron  conductor  phase 
into  a  pre-sintered  porous  backbone.  Jiang  et  al.  [14]  studied  the 
LSM/GDC  composite  cathode  by  a  multi-step  impregnation  process, 
obtaining  a  polarization  resistance  of  0.72  Q  cm2  compared  to 

26.4  Q  cm2  of  the  blank  LSM  at  700  °C.  Zhao  et  al.  [15]  fabricated 
Smo.5Sro.5Co03_5/Smo.2Ceo.80i.g  composite  cathodes  with  a  nano¬ 
network  by  an  ion-impregnation  method  for  IT-SOFC,  producing 
a  polarization  resistance  of  0.21  Q  cm2  at  500  °C,  and  0.052  Q  cm2  at 
600  °C.  Nie  et  al.  [16]  obtained  the  Lao.6Sro.4Coo.2Feo.803-5/ 
Smo.2Ceo.8O1.g5_5  composite  cathode  by  infiltrating  SDC  into  the 
LSCF  scaffolds,  achieving  a  polarization  resistance  of  0.4  Q  cm2  at 
650  °C,  which  is  obviously  lower  than  that  of  the  pure  LSCF  cathode, 
indicating  that  the  infiltration  of  the  SDC  phase  significantly 
enhances  the  electro-catalytic  activity  of  the  LSCF  electrodes  for  O2 
reduction  reactions.  Chen  et  al.  [17]  demonstrated  that  the  infil¬ 
tration  of  GDC  into  LSCF  skeleton  apparently  reduced  the  LSCF 
cathode  polarization  resistance,  achieving  a  polarization  resistance 
of  1.6  Q  cm2  for  a  GDC-infiltrated  LSCF  cathode  compared  to 

5.4  Q  cm2  for  the  blank  LSCF  cathode  at  600  °C,  showing  that  LSCF/ 
GDC  is  a  good  candidate  as  an  intermediate  temperature  SOFC 
cathode.  Shah  and  Barnett  [18]  demonstrated  that  the  infiltration  of 
LSCF  into  porous  GDC  scaffolds  pre-sintered  on  a  GDC  electrolyte 
substrate  can  decrease  the  LSCF  sintering  temperature  and 
suppress  the  growth  of  LSCF  particles  so  that  the  cathode  polari¬ 
zation  is  alleviated.  The  lowest  polarization  resistance  of  0.24  O  cm2 
was  measured  at  600  °C. 

Up  to  now,  various  processes  have  been  explored  to  synthesize 
nanosized  LSCF  powders,  such  as  polymer  assisted  combustion 
method  [19—21],  citrate  complexion  method  [22—25]  and 
dipping-pyrolysis  method  [26],  ft  is  well  known  that  the  electro¬ 
spinning  technique  is  a  very  facile  and  effective  approach  to 
fabricate  uniform  nanofibers  with  small  diameter,  high  specific 
area  and  porosity.  In  addition,  this  method  also  has  other  advan¬ 
tages,  including  low  cost,  simple  apparatus,  controllable  process 
and  extensive  material  sources.  Azad  [27]  employed  the  elec- 
rospinning  technique  to  fabricate  one  dimensional  (ID)  YSZ  and 
GDC  fibers  with  a  length  of  several  inches  from  a  polymeric 
solution  containing  appropriate  metal  cations.  Li  et  al.  [28] 
synthesized  uniform  YSZ  nanofibers  by  electrospinning  8YSZ 
dispersion  and  applied  it  in  a  SOFC  anode.  Recently,  the 
Lao.58Sro.4Coo.2Feo.8O3  nanofibers  have  been  fabricated  by  the 
electrospinning  technique  and  used  as  an  intermediate  temper¬ 
ature  solid  oxide  fuel  cell  cathode  [29].  To  our  knowledge,  there 
are  few  reports  on  fabricating  nanorod-structured  LSCF/GDC 
composite  cathodes  for  application  in  SOFC  by  the  combination  of 
the  electrospinning  and  infiltration  methods. 

In  this  paper,  we  report  a  study  on  nanorod  structured  LSCF 
cathodes  and  GDC-infiltrated  LSCF  composites  as  cathodes  for  IT- 
SOFCs.  One  dimensional  (ID)  LSCF  nanorods  were  fabricated  by 
electrospinning  with  the  LSCF  precursor  solution  and  applied  as  IT- 
SOFC  cathodes.  The  electro-catalytic  activity  of  LSCF  cathode  was 
significantly  enhanced  by  infiltration  of  oxygen  ion  conducting 
phase  GDC  into  LSCF  scaffolds. 

2.  Experimental 

Ceo.8Gdo.20i.g  (GDC)  nanosized  powders  were  synthesized  using 
the  citrate  complexion  method  [30],  Then,  electrolyte  substrates 
were  prepared  by  die  pressing  the  as-synthesized  GDC  powder, 
followed  by  sintering  at  1450  °C  for  20  h  in  air.  The  substrate  disks 
were  19  mm  in  diameter  and  1.1  mm  in  thickness. 

One  dimensional  LSCF/PVP  nanofibers  were  obtained  by  elec¬ 
trospinning  using  La(N03)3-6H20,  Sr(N03)2,  Co(N03)2-6H20, 
Fe(N03)3-9H20,  Polyvinylpyrrolidone  (PVP)  and  N,N-d\me- 
thylformamide  (DMF),  followed  by  high  temperature  treatment  at 


900  °C  for  2  h  to  form  LSCF  nanorods.  In  a  typical  synthesis,  the 
above  metal  nitrates  were  dissolved  in  DMF  in  a  molar  ratio  of 
La:Sr:Co:Fe  =  0.8:0.2:0.2:0.8.  Then  a  proper  quantity  of  PVP  was 
added  into  the  as-prepared  solution  and  stirred  continuously  for 
4  h  to  get  a  homogeneous  precursor  solution  for  electrospinning. 
The  appropriate  LSCF  precursor  solution  was  loaded  into  a  plastic 
syringe  equipped  with  a  flat  stainless  steel  needle  of  0.8  mm  in 
diameter.  A  high  voltage  supply  was  connected  to  the  spinneret 
(stainless  steel  needle)  and  a  nickel  mesh  collector  was  placed 
12  cm  away  from  the  orifice.  The  electric  voltage  was  kept  at  20  kV. 
The  as-electrospun  LSCF  nanofibers  were  kept  in  air  for  12  h  to 
evaporate  the  solvent.  Then,  the  dried  LSCF  nanofibers  were 
calcined  in  the  furnace  at  900  °C  for  2  h  to  form  1  D  LSCF  nano¬ 
powders.  The  metal  composition  of  the  obtained  LSCF  was  deter¬ 
mined  by  inductively  coupled  plasma  atomic  emission 
spectroscopy  (ICP-AES)  with  an  Optima  5300DV  spectrometer.  The 
microstructure  and  phase  formation  of  LSCF  were  examined  by 
scanning  electron  microscope  (SEM,  FEI  Quanta  200,  Holland)  and 
X-ray  diffraction  (XRD,  Rigaku  D/max-IlB)  using  Cu  Ka  radiation, 
respectively. 

Cathode  pastes  were  prepared  by  dropping  3wt%-ethyl  cellulose 
terpineol  solution  into  LSCF  nanorod  powders,  followed  by 
magnetic  stirring  at  ambient  temperature  for  12  h.  Subsequently, 
the  above  as-prepared  cathode  pastes  with  LSCF  nanorods  were 
coated  onto  one  side  of  the  GDC  electrolyte  and  calcined  at  940  °C 
for  1  min  with  a  heating  rate  of  15  °C  min-1  in  air  to  obtain  the 
nanorod  structured  LSCF  cathode  with  a  weight  of  about  7  mg.  As 
a  comparison,  the  above  LSCF  nanorods  were  ground  into  LSCF 
nanoparticles  by  a  mortar  pestle.  Then,  the  cathode  stuff  with  LSCF 
nanoparticles  was  printed  on  one  side  of  the  GDC  electrolyte  and 
calcined  at  1000  °C  for  2  h  to  form  a  nanoparticle  structured  LSCF 
cathode  with  a  weight  of  about  15  mg.  The  thickness  of  the  LSCF 
cathode  was  about  60  um  and  the  active  electrode  area  was 
0.785  cm2. 

According  to  the  molecular  formula  Ceo.2Gdo.8O1g,  the  filtration 
solution  of  GDC  precursor  with  a  concentration  of  0.25  mol  L-1  was 
prepared  by  dissolving  stoichiometric  Gd(N03)3-6H20  and  Ce(N- 
03)3 -6H20  in  a  mixed  solvent  of  ethanol  and  deionized  water. 
Infiltration  was  carried  out  by  injecting  the  above  nitrate  aqueous 
solution  of  GDC  precursor  into  the  LSCF  cathode  pre-sintered  on 
a  GDC  electrolyte  using  a  microliter  syringe  to  control  the  amount 
of  GDC  loading.  To  avoid  leaking  out  of  the  edge  of  LSCF  cathode, 
only  40  pL  GDC  precursor  solution  could  be  deposited  once  onto  the 
LSCF  cathode  with  nanorods,  while  only  20  pL  for  the  LSCF  cathode 
with  nanoparticles.  After  each  infiltration,  the  infiltrated  LSCF 
cathode  was  dried  in  air  and  calcined  at  700  °C  for  30  min  with 
a  temperature  gradient  of  10  °C  min-1.  The  infiltration  process  was 
repeated  to  increase  the  GDC  loading.  Finally,  the  infiltrated  elec¬ 
trode  was  fired  at  800  °C  for  1  h  in  order  to  convert  Gd(NC>3)3  and 
Ce(NC>3)3  to  the  GDC  phase. 

Prior  to  the  fabrication  of  LSCF  electrode,  Pt  pastes  were  painted 
as  counter  electrode  and  reference  electrode  on  the  GDC  electrolyte 
and  sintered  at  1000  °C  for  1  h.  The  counter  electrode  was  posi¬ 
tioned  symmetrically  to  the  LSCF  cathode  and  the  reference  elec¬ 
trode  was  fixed  at  the  rim  of  the  GDC  electrolyte  substrate.  Two  Pt 
meshes  were  attached  to  the  working  electrode  (a  pure  LSCF 
cathode  or  a  GDC-infiltrated  LSCF  cathode)  and  to  the  counter 
electrode  as  current  collectors  for  the  electrochemical  measure¬ 
ment.  Electrochemical  impedance  spectra  of  LSCF  electrodes  were 
measured  in  a  frequency  range  of  0.1  Hz— 100  kHz  with  a  signal 
amplitude  of  5  mV  at  temperatures  between  650  °C  and  750  °C 
with  an  electrochemical  work  station  (Chi604D).  The  electrode 
polarization  or  area  specific  resistance  was  derived  from  the 
difference  between  the  low  and  high-frequency  intercepts  at  the 
real  impedance  axis. 
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Table  1 

ICP  analysis  result  of  the  LSCF  obtained  by  the  electrospinning  method. 


Nominal  composition  Elemental  composition 

La  Sr  Co  Fe 

Lao.8Sro.2Coo.2Fe0.803_5  0.80  0.20  0.19  0.81 


The  microstructures  of  LSCF  and  GDC-infiltrated  LSCF  cathodes 
were  analyzed  by  a  scanning  electron  microscope. 

3.  Results  and  discussion 

The  ICP  analysis  result  of  the  LSCF  obtained  by  the  electro¬ 
spinning  method  is  summarized  in  Table  1.  Considering  the 
experimental  errors,  we  can  confirm  that  the  experimental 
composition  for  the  sample  match  the  nominal  composition. 

Fig.  1  shows  the  XRD  pattern  of  electrospun  LSCF  nanofibers 
calcined  at  900  °C  for  2  h  in  air.  As  can  be  seen  from  Fig.  1,  the  sharp 
peaks  indicate  that  the  as-calcined  nanofibers  have  a  high  crys¬ 
talline  characteristic.  All  the  peaks  can  be  indexed  to  a  pure 
perovskite-type  phase  of  LSCF. 

SEM  images  of  the  as-spun  LSCF/PVP  nanofibers  and  of  annealed 
LSCF  nanostructured  fibers  are  presented  in  Fig.  2.  It  can  be  seen 
that  nanofibers  with  a  long,  smooth  and  uniform  morphology  have 
been  successfully  fabricated  on  a  large  scale  in  Fig.  2(a).  The 
nanofibers  are  randomly  distributed  with  a  diameter  of  about 
400  nm.  Fig.  2(b)  exhibits  LSCF  nanofibers  calcined  at  900  °C  for  2  h. 
After  calcination  of  the  electrospun  nanofibers,  their  texture 
changed  from  long  nanofibers  to  short  nanorods  with  diameters  in 
the  range  of  200  ~  300  nm  due  to  the  thermal  treatment  process. 

Some  typical  cross-sectional  SEM  images  of  the  nanorod  struc¬ 
tured  LSCF  cathode  and  the  nanoparticle  structured  LSCF  cathode 
after  the  cell  test  are  showed  in  Fig.  3.  It  can  be  observed  that  the 
nanorod  structured  LSCF  cathode  sintered  at  940  °C  is  composed  of 
unifom  nanorods  of  200-300  nm  in  diameter  (Fig.  3a  and  b).  The 
LSCF  nanorods  are  randomly  distributed  in  the  cathode  and  poorly 
connected  to  each  other,  which  results  in  high  porosity.  Fig.  3c  and 
d  shows  SEM  images  of  nanoparticle  structured  LSCF  cathode 
calcined  at  1000  °C.  It  can  be  seen  that  the  LSCF  cathode  is  well 
sintered  with  grain  sizes  in  the  range  of  200-400  nm.  Furthermore, 
there  is  good  bonding  among  nanoparticles  as  well  as  good  adhe¬ 
sion  between  cathode  and  electrolyte.  But  it  has  lower  porosity 
compared  to  the  nanorod  structured  LSCF  cathode. 

Impedance  spectra  of  the  nanorod  structured  LSCF  cathode 
and  nanoparticle  structured  LSCF  cathode,  measured  at  650  °C 
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Fig.  1.  XRD  pattern  of  LSCF  nanofibers  being  calcined  at  900  °C  for  2  h. 


Fig.  2.  SEM  images  of  as-spun  and  calcined  LSCF  nanofibers:  (a)  as-spun  fibers; 
(b)  after  calcined  at  900  °C  for  2  h. 


and  in  open  circuit  conditions,  are  shown  in  Fig.  4.  All  the  spectra 
were  collected  when  the  cell  reached  a  stable  state.  The  polari¬ 
zation  resistances  of  LSCF  cathodes  can  be  calculated  through  the 
difference  between  the  intercepts  of  the  impedance  arcs  with  the 
real  axis  at  high  frequencies  and  at  low  frequencies.  In  order  to 
clearly  show  the  difference  in  the  electrode  polarization  behavior, 
the  bulk  resistances  were  removed  from  the  spectra,  showing  only 
the  cathode  polarization  impedances.  As  can  be  seen  in  Fig.  4a,  the 
impedance  spectrum  for  the  nanorod  structured  LSCF  cathode  is 
composed  of  a  high  frequency  capacitive  arc  and  a  low  frequency 
capacitive  arc.  According  to  Leng  et  al.  [31  ],  the  high  frequency  arc 
is  due  to  the  transfer  of  oxygen  ions  from  the  electrode  into  the 
electrolyte,  while  the  low  frequency  arc  is  attributed  to  the  oxygen 
dissociative  adsorption  and/or  surface  diffusion  of  oxygen  species. 
The  sum  of  the  diameters  of  these  two  arcs  is  ascribed  to  the 
polarization  resistance  for  the  nanorod  structured  LSCF  cathode, 
which  is  14.12  Q  cm2.  As  shown  in  Fig.  4b,  compared  with  the 
nanorod  structured  LSCF  cathode,  the  nanoparticle  structured 
LSCF  cathode  only  has  a  smaller  impedance  arc  with  a  polarization 
resistance  of  3.13  Q  cm2,  indicating  a  better  electrochemical 
activity  for  O2  reduction  reactions.  The  difference  of  polarization 
resistances  between  nanorod  structured  LSCF  cathode  and 
nanoparticle  structured  LSCF  cathode  can  be  related  to  the  size  of 
the  three-phase  boundaries  (TPB)  where  the  O2  reduction  reac¬ 
tions  take  place.  From  Fig.  3a  and  c,  it  can  be  observed  that  the 
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Fig.  3.  SEM  images  of  nanorod  structured  LSCF  cathode  calcined  at  940  °C  for  lmin  (a  and  b);  SEM  images  of  nanoparticle  structured  LSCF  cathode  calcined  at  1000  °C  for  2  h 
(c  and  d). 


electrode/electrolyte  contact  area  for  the  nanorod  structured  LSCF 
cathode  is  less  than  that  of  the  nanoparticle  structured  LSCF 
cathode,  resulting  in  a  lower  TPB  length  and  a  higher  polarization 
resistance. 

To  increase  the  TPB  length  of  the  nanorod  structured  LSCF 
cathode,  infiltration  of  GDC  phase  into  LSCF  cathode  was  devel¬ 
oped.  Fig.  5  shows  the  cross-sectional  SEM  images  of  GDC- 
infiltrated  nanoparticle  structured  LSCF  calcined  at  800  °C  for  1  h. 
For  nanoparticle  structured  LSCF  cathode,  after  infiltrated  with 


Z'/Q  cm2 


Fig.  4.  Impedance  spectra  of  nanorod  structured  LSCF  cathode  (a)  and  nanoparticle 
structured  LSCF  cathode  (b)  at  650  °C. 


40  pL  GDC  precursor  solution  (Fig.  5a),  the  LSCF  substrate  got 
coarser  and  the  grain  boundaries  became  invisible,  indicating  that 
the  newly  formed  GDC  phases  were  coated  on  the  surface  of  the 
LSCF  substrate.  As  the  infiltration  loading  of  GDC  was  increased, 
more  and  more  GDC  phases  appeared  on  the  surface  of  the  LSCF 
substrate  so  that  the  cathode  became  gradually  denser,  as  shown  in 
Fig.  5b— d. 

Fig.  6  shows  the  cross-sectional  microstructures  for  GDC  infil¬ 
trated  nanorod  structured  LSCF  cathodes  fired  at  800  °C  for  1  h 
Fig.  6a  is  the  SEM  image  of  nanorod  structured  LSCF  cathode 
infiltrated  with  40  pL  GDC  precursor  solution.  It  can  be  seen  that 
some  fine  GDC  nanoparticles  appeared  on  the  surface  of  LSCF 
nanorods.  For  the  infiltrated  nanorod  structured  LSCF  cathode  with 
80  pL  GDC  solution,  more  GDC  nanoparticles  were  coated  on  the 
surface  of  LSCF  nanorods  (Fig.  6b).  When  the  GDC  infiltration 
loading  increased  to  120  pL  and  160  pL,  the  GDC  infiltrated  nanorod 
structured  LSCF  cathodes  still  keep  one  dimensional  structures 
with  high  porosity,  as  shown  in  Fig.  6c  and  d.  However,  for  the 
nanorod  structured  LSCF  cathodes  infiltrated  with  200  pL  and 
240  pL  GDC  precursor  solutions,  the  electrode  porosity  turns  lower 
(shown  in  Fig.  6e  and  f). 

The  impedance  spectra  of  GDC-infiltrated  LSCF  cathodes, 
measured  at  650  °C  in  air  and  under  open  circuit  conditions,  are 
shown  in  Fig.  7.  Prior  to  the  GDC  infiltration,  the  nanoparticle 
structured  LSCF  substrate  was  calcined  at  1000  °C  for  2  h  and  the 
nanorod  structured  LSCF  skeleton  was  calcined  at  940  °C  for  1  min. 
In  order  to  compare  the  difference  of  electrochemical  activity  of 
GDC-infiltrated  LSCF  cathodes  with  various  infiltration  loadings,  all 
electrolyte  ohmic  resistances  were  removed  from  the  impedance 
data.  As  can  be  seen  in  Fig.  7,  the  impedance  arcs  for  GDC-infiltrated 
LSCF  cathodes  are  much  smaller  than  those  for  the  blank  LSCF 
cathodes  (Fig.  4),  mainly  due  to  the  enlargement  of  TPB  which 


changed  from  a  two-dimensional  interface  between  the  cathode 
and  the  electrolyte  to  an  entire  three  dimensional  cathode.  The 
polarization  resistances  of  GDC-infiltrated  nanoparticle  structured 
LSCF  cathodes  are  reduced  to  1.28,  0.87,  0.51  and  0.60  O  cm2  at 


650  °C,  respectively,  for  the  infiltration  of  40,  60,  80,  100  pL  of 
0.25  mol  IT1  GDC  precursor  solutions  into  a  nanoparticle  struc¬ 
tured  LSCF  substrate.  In  contrast,  the  infiltrated  nanorod  structured 
cathodes  had  a  much  better  performance,  and  the  polarization 
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Fig.  7.  Electrochemical  impedance  spectra  of  GDC-infiltrated  LSCF  composite  cathodes 
versus  the  infiltration  amount  of  GDC:  (a)  infiltrated  nanoparticle  structured  LSCF 
cathodes;  (b)  infiltrated  nanorod  structured  LSCF  cathodes. 


resistances  at  650  °C  for  infiltrated  nano-rod  structured  cathodes 
with  40  |iL,  80  pL,  120  pL,  160  pL,  200  pL  and  240  |aL  GDC  solutions 
are  0.49, 0.20, 0.18, 0.10, 0.31, 0.37  Q  cm2,  respectively.  The  excellent 
electrochemical  performance  of  GDC-infiltrated  nanorod  struc¬ 
tured  LSCF  cathodes  is  ascribed  to  large  LSCF/GDC  boundaries  and 
proper  porosity.  From  Fig.  5d,  the  infiltrated  nanoparticle  struc¬ 
tured  LSCF  cathode  with  100  pi  GDC  solution  has  a  very  dense 
microstructure,  which  blocks  the  gas  diffusion,  decreases  the  TPB 
length,  and  thus  results  in  a  higher  polarization  compared  to  that  of 
80  pL  GDC-infiltrated  nanoparticle  structured  LSCF  cathode.  This 
similar  phenomenon  also  occurs  on  the  GDC-infiltrated  nanorod 
structured  LSCF  cathodes.  But  the  nanorod  structured  LSCF  cathode 
infiltrated  with  160  pL  GDC  still  retain  higher  porosity  (Fig.  6d), 
which  facilitates  the  gas-phase  diffusion  process  and  contributes  to 
a  lower  polarization  resistance.  As  shown  in  Fig.  7b,  it  is  interesting 
that  the  low  frequency  arc  of  the  impedance  spectrum  for  nanorod 
structured  LSCF  cathode  vanishes  gradually  with  the  increase  in 
TPB  size  caused  by  the  infiltration  of  GDC  phase  into  the  pores  of 
nanorod  structured  LSCF  cathode.  We  believe  that  this  phenom¬ 
enon  is  exactly  the  evidence  for  the  origination  of  the  low 
frequency  arc  from  the  surface  adsorption  and  surface  diffusion 
processes  of  oxygen  species. 

Therefore,  it  is  demonstrated  that  the  electrochemical  perfor¬ 
mance  of  nanorod  structured  LSCF  cathode  can  be  significantly 
enhanced  by  infiltration  of  the  GDC  phase  into  a  nanorod 


Table  2 

Comparison  of  the  polarization  resistances  (Rp)  for  LSCF  composite  cathodes, 
measured  at  650  °C. 


Cathode 


References 


LSCF/GDC  0.10 

LSCF/GDC  0.52 

LSCF/SDC  0.40 

LSCF/GDC  0.45 

LSCF/SSC  0.12 

LSCF/SDC  0.265 

LSCF/YSZ  0.218 


Present  work 
Fu  et  al.  [12] 
Nie  et  al.  [16] 
Chen  et  al.  [17] 
Lou  et  al.  [24] 
Lee  et  al.  [32] 
Chen  et  al.  [33] 


structured  LSCF  scaffold  pre-sintered  in  940  °C;  the  cathode 
polarization  resistance  is  reduced  from  14.12  to  0.10  Q  cm2.  It  is 
noted  that  polarization  resistance  of  the  infiltrated  nanorod 
structured  LSCF  cathode  shows  5  times  smaller  than  that  of  the 
infiltrated  nanoparticle  structured  LSCF  cathode  under  the  identical 
testing  conditions,  however,  the  weight  of  LSCF  nanorod  substrate 
is  only  0.5  times  that  of  LSCF  nanoparticle  substrate.  For  the 
nanorod  structured  cathode  infiltrated  with  160  pL  GDC  solution, 
the  polarization  resistance  of  0.10  Q  cm2,  which  is  lower  than  those 
of  other  LSCF  composite  cathodes  (Table  2)  reported  in  the  litera¬ 
ture  [12,16,17,24,32,33].  These  results  show  that  the  nanorod 
structured  LSCF  cathode  infiltrated  with  GDC  nanoparticles  is 
a  promising  cathode  material  for  IT-SOCFs. 

4.  Conclusions 

One  dimensional  LSCF/GDC  nanocomposite  prepared  by  elec¬ 
trospinning  technique  and  a  multi-step  infiltration  process  has 
been  demonstrated  to  be  a  good  candidate  as  IT-SOFC  cathodes.  For 
the  nanorod  structured  LSCF  cathode  infiltrated  with  40  pL,  80  pL, 
120  pL  and  160  pL  of  GDC  precursor  solution,  the  polarization 
resistances  are  0.49,  0.20,  0.18  and  0.10  Q  cm2  at  650  °C,  respec¬ 
tively.  It  is  worth  noting  that  polarization  resistance  of  the  nanorod 
structured  LSCF/GDC  cathode  with  160  pL  GDC  loading  shows  5 
times  smaller  than  that  of  LSCF/GDC  nanoparticle  composite 
cathode  with  the  optimal  GDC  loading  of  80  pL  under  the  identical 
testing  conditions,  which  is  attributed  to  its  excellent  structure 
with  larger  LSCF/GDC  boundaries  length  and  higher  porosity.  To 
further  improve  the  electrochemical  performance  of  LSCF/GDC 
nanocomposite  cathode,  we  will  further  optimize  the  microstruc¬ 
tures  of  one  dimensional  LSCF  cathode  in  the  future. 
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